Abstract: Due to plasmonic excitations, metallic meander structures exhibit an extraordinarily high transmission within a well-defined pass band. Within this frequency range, they behave like almost ideal linear polarizers, can induce large phase retardation between s-and p-polarized light and show a high polarization conversion efficiency. Due to these properties, meander structures can interact very effectively with polarized light. In this report, we suggest a novel polarization scrambler design using spatially distributed metallic meander structures with random angular orientations. The whole device has an optical response averaged over all pixel orientations within the incident beam diameter. We characterize the depolarizing properties of the suggested polarization scrambler with the Mueller matrix and investigate both single layer and stacked meander structures at different frequencies. The presented polarization scrambler can be flexibly designed to work at any wavelength in the visible range with a bandwidth of up to 100 THz. With our preliminary design, we achieve depolarization rates larger than 50% for arbitrarily polarized monochromatic and narrow-band light. Circularly polarized light could be depolarized by up to 95% at 600 THz. 
Introduction
The polarization state of light is one of the most important properties for many optical applications such as liquid-crystal displays (electro-optic effect), optical isolators (Faraday effect) or optical switches (Kerr effect). However, in some instances, such as earth observation from space, any exhibited polarization of the light is undesirable and depolarization of the light is critical for a good optical performance of a space-based instrument. One approach towards depolarizers are so called polarization scramblers or pseudodepolarizers, which divide the incident light beam into a large number of varying and intermixed polarization angles instead of truly depolarizing the light. Currently and historically, most pseudodepolarizers in space instruments utilize different arrangements of birefringent wedges.
The horizontal-vertical (HV) depolarizer, one of the first pseudodepolarizers launched to space, consists of two birefringent wedges with their fast axes perpendicular to each other and has been used in NASA's Coastal Zone Color Scanner (CZCS) on NIMBUS 7 platform [1] . This device scrambles linearly and circularly polarized light. However, linear polarization states rotated by 45 or 135 degrees are left unchanged [2] . Another wedge-type depolarizer currently used onboard Envisat in the MEdium Resolution Imaging Spectrometer (MERIS) [3] and onboard Sentinel-3 in the Ocean and Land Color Instrument (OLCI) [4] uses two birefringent quartz wedges and an additional fused silica wedge for chromatic correction. In this case, all polarization states can be depolarized but strong and fast spectral oscillations are introduced in the residual polarization. In order to detect weak spectral lines, these fast spectral oscillations must be minimized. For accurate measurements of the NO 2 level in the atmosphere, for instance, local changes in the intensity spectrum of only 0.1% have to be distinguished. To reduce the spectral oscillations, a Dual Babinet scrambler consisting of four birefringent wedges is used onboard Aura in the Ozone Measuring Instrument (OMI). It introduces only slow (long-range) spectral oscillations, which is beneficial but converges the beam slightly [5, 6] .
All pseudodepolarizers described above are applicable in the visible and UV part of the electromagnetic spectrum and need a minimum wavelength bandwidth of about 100 nm to depolarize the incident light completely. Major drawbacks of these designs are their bulkiness and, hence, heavy weight as well as their limitation in size. For instance, all polarization scramblers implemented in the European Space Agency (ESA) missions have a size smaller than 40 mm since birefringent materials (e.g. quartz, MgF 2 , Al 2 O 3 ) with larger dimensions may break under thermal stress due to the anisotropy of their thermal expansion coefficient.
Especially for space instruments, large-area and low-weight optical elements are desirable. This is where metamaterials come into play -artificial structures with unusual optical properties not observed in the constituent materials and not readily available in nature [7] . Such materials could advantageously replace bulky standard optical components by a thin layer to achieve the same functionality but with higher efficiency and a lower mass and volume. Large birefringence and plasmonic anisotropy have been demonstrated in plasmonic metamaterials [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Therefore, the polarization state of light can be manipulated effectively, depending on the size and shape of the metallic nanostructures [8] [9] [10] . They can be used to realize phase retarders [9] [10] [11] [12] [13] , polarization rotators [14] or polarization converters [15] by using structured thin metallic layers. Depolarization effects in metamaterials have also been discussed frequently [16, 17] . However, a metamaterial pseudodepolarizer has, to our knowledge, not been investigated yet.
In this contribution we demonstrate a metamaterial-based polarization scrambler that could be used for earth observation from space in the wavelength range between 400 nm and 1000 nm [18] . The proposed device is based on metallic meander structures, works in transmission and can depolarize linearly and circularly polarized light simultaneously within a pass band. These depolarization properties are attributed to the peculiar optical properties of the meander structure, which behaves not only like an almost ideal linear polarizer, but also demonstrates a large phase retardation and polarization conversion capability between two orthogonal polarization states [19] . Fig. 1. (a) The meander structure is defined by the geometrical parameters thickness t, corrugation depth D, ridge width W r and periodicity P x . (b) For a double meander structure, the distance between the two sheets is defined as D spa .
Numerical simulation models and analysis methods
The investigated polarization scrambler is basically a plasmonic metamaterial consisting of thin metal films corrugated on both sides with a thickness t, a corrugation depth D and a periodicity P x ( Fig. 1(a) ). To achieve inversion symmetry along the propagation direction of the incident light for high transmission, the condition W r = P x /2 -t has to be fulfilled, where W r is the ridge width. If two meander structures are stacked onto each other ( Fig. 1(b) ), the distance between them is labeled D spa . For simplicity, shifts between the two meander surfaces are not considered. Silver is our material of choice due to its low absorption in the whole visible region. The dielectric function was derived from the Drude model and should be complemented with material data of Johnson and Christy [20] if higher frequencies are of interest. We used the plasma frequency ω p = 1.37 × 10 16 rad/s and the scattering frequency ν = 8.5 × 10 13 rad/s [21] for deriving the dispersion of Ag. Both the single and double meander structure are placed in vacuum although another permittivity configuration can be easily obtained. For numerical calculations we used Microsim, an in-house simulation package, which employs the rigorous coupled-wave analysis (RCWA) [22] improved by factorization rules [23] . We consider at least 100 positive Fourier modes, which provide a reasonable trade-off between accuracy and computation time. Eventually, the results were verified with another RCWA package combined with adaptive spatial resolution [24, 25] .
Properties of meander structures
When p-polarized light is incident onto a thin meander structure, two kinds of surface plasmon polaritons (SPP) are excited at the metal-dielectric interfaces, namely short range surface plasmon polaritons (SRSPP) and long range surface plasmon polaritons (LRSPP) [21] . The SRSPP represents the symmetric and low-frequency mode whereas the LRSPP corresponds to the antisymmetric and high-frequency case. They can be identified by their respective field distributions [21, 26] or by varying the thickness of the metal film [27, 28] . It was found that with certain meander geometries, plasmon resonances induce a hightransmission pass band, which is bounded by two Fano-type resonances ( Fig. 2(a) ) [21, 29] . This high-transmission pass band is the main reason for using meander structures for the proposed depolarizer. Other plasmonic nanostructures such as nanowire arrays show a stop band behavior, while nanoslit arrays or nanohole arrays exhibit only one narrow and lowtransmission pass band induced by a single resonance [9, 16, 17] .
A dispersion diagram as a function of the in-plane wave vector k x /K g = sinθ k 0 /K g , where k 0 is the wave vector in free space and K g = 2π⁄P x the reciprocal lattice vector, is shown in Fig.   2 (b). Besides highlighting the particular plasmon frequencies by the extinction maxima (-ln(T)), this figure also shows that the same pass band exists for light incident at oblique angles. Our previous studies have demonstrated how the SRSPP and LRSPP frequencies influence the shape of the pass band and how they can be shifted by geometry variation [30] . By decreasing the thickness t of the meander structure, the SRSPP mode decreases in frequency whereas the LRSPP mode remains almost constant. The increase of the meander depth D at a constant thickness t and periodicity P x leads to a down-shift of the SRSPP frequency, while the LRSPP mode experiences only a slight red-shift. Finally, with all other geometrical parameters fixed, the SRSPP and LRSPP frequencies are decreased at larger periodicities P x although with different slopes. To sum up, by changing the geometrical parameters, we can design meander structures in such a way that extraordinarily high transmission can be achieved at any frequency in the visible and near infrared ranges. Hence, polarization scramblers that consist of spatially distributed meander structures can be flexibly tuned to any optical frequency in the same way.
Jones and Mueller matrices of single meander structures at normal incidence
In order to characterize the polarization properties of the meander structure, we use the Stokes vector representation. The Stokes vector consists of four Stokes parameters S i (i = 0-3), which describe the intensity and polarization of a beam of light [31] . After interaction with any optical component, which can be described by the corresponding Mueller matrix, the emerging light beam is characterized by a new set of Stokes parameters S i´ (i = 0-3). This way, S i´ can be expressed as a linear combination of the four Stokes parameters of the incident beam (S i ). Using the Mueller matrix expression, these equations are written as: 
A depolarizer or polarization scrambler transfers energy from polarized states into depolarized states. The Mueller matrix of a pure non-uniform partial depolarizer is given by 
where a ≠ b ≠ c and a, b, c < 1. For a = b = c ≠ 0, the system is called a pure uniform depolarizer and if a = b = c = 0, the incident polarized light will be completely depolarized (ideal depolarizer) [31] . To obtain a perfect polarization scrambler, the degree of polarization P´ has to be minimized. P´ is calculated by dividing the intensity of the polarized part of the light (I´p ol ) by the total light intensity (I´t ot )
Before the complete Mueller matrices of meander structures in dependence of the incidence and azimuth angles are presented, its optical properties at normal incidence will be analyzed using the Jones formalism [31] . This helps us to gain a physical insight into the polarization properties of a single meander structure and to better understand why meander structures can be used to depolarize light effectively. First, the transmittance of p-and s-polarized light of a single meander structure with P x = 400 nm, D = 40 nm and t = 30 nm was numerically calculated at normal incidence in dependence of the azimuth angle φ for the frequencies 600 THz, 630 THz and 650 THz, respectively ( Fig. 3(a) ). For the investigated meander structure, these frequencies are located within the pass band, where 600 THz is at the low-frequency edge, 630 THz in the center and 650 THz at the high-frequency edge of the pass band. At φ = 0°, s-polarized light is blocked to a large extent, whereas p-polarized light is transmitted, which is the typical behavior of a linear polarizer. Increasing the azimuth angle towards φ = 90° increases the transmittance of the s-polarized light up to a state close to total transmission. Secondly, Fig. 3(b) shows different degrees of phase retardation δ between p-and spolarized light at arbitrary azimuth angles and at the same frequencies. It is interesting to note that at 600 THz almost no phase shift and, hence, no phase retardation occurs. Furthermore, at 650 THz, where the transmittance is still as high as 80%, a phase retardation δ = 130° can be obtained. Similar to metallic gratings [32] , the meander structure is also capable to convert polarization to a large degree, i.e. a fraction of the incident p-polarized light is absorbed and re-radiated as s-polarized light and vice versa. Figure 3(c) shows the polarization conversion transmittance from s-to p-polarized light in dependence of the azimuth angle φ for the same frequencies as before. The polarization conversion follows closely a sin 2 (2φ) function [32] and has its maximum at an angle of φ = 45°. The conversion is stronger at higher frequencies where the phase retardation is larger as well. In order to describe the meander structure analytically, we use the same formalism as the authors in [17] for a plasmonic nanoslit metamaterial at Fano resonance. For an anisotropic medium under normal incidence with the optical axis oriented along the x-coordinate of the Cartesian laboratory system, its Jones matrix can be expressed as:
A and B are the amplitudes of the transmission coefficients for p-and s-polarized light, respectively, and ψ the induced phase delay at φ = 0° between them. At an arbitrary azimuth angle φ one obtains the Jones matrix for a meander structure by applying unitary rotation transformation: 
with the rotation matrix
With Eq. (5) we can now describe the amplitude, phase retardation and polarization conversion of meander structures, which is shown in Fig. 3(a)-3(c) . The p-and s-polarized transmittance spectra (Fig. 3(a) ) correspond to the squared absolute values of J pp and J ss of J meander , respectively. In Fig. 3 (a) the fit curves for the s-polarized spectra are shown with the values for A, B and ψ given in the figure caption. The fitting results for the p-polarized transmittance spectra are not shown because they can be obtained easily due to the structure's symmetry. The model also describes the phase retardation and polarization conversion using the same fitting parameters, although there are two Fano resonances involved instead of one compared to [17] (Fig. 3(b) ,3(c)). Note that the meander structure has a similar transmission for the three frequencies but different phase retardation and polarization conversion efficiency. This indicates different depolarization degrees P´ when used for designing a polarization scrambler. The good agreement between the model and the numerical results suggests that other plasmonic metamaterials such as plasmonic nanoslits might be well suited for the proposed depolarizer. However, as pointed out before, the main difference is the combination of high transmission and the broad pass band induced by two Fano resonances instead of one.
Since the single meander structure itself is not capable of depolarizing light, its Mueller matrix can be calculated from the Jones matrix via the Jones-Mueller matrix transformation [33, 34] : 
The main idea of our approach towards a polarization scrambler is that meander structures are spatially distributed in tiles on a surface. Each meander structure within such a tile is rotated by a random angle. The size of the tiles and hence the number of the tiles within the beam spot of the incident light is chosen in such a way that an averaged optical response with a maximum depolarization degree is achieved, similar to the working principle of liquid-crystal depolarizers [35, 36] . Using the coordinate system shown in Fig. 1(a) , we can arrange the tiles by rotating the azimuth angle φ randomly and integrate Eq. (7) over φ from 0 to π (due to their C2 symmetry) with the same weighting factor for each element and angle φ. In our numerical simulations we found that the results of 30 adjacent meander unit cells are very close to the ones of an infinite grating. With square-shaped meander tiles, this would mean an area of at least 144 µm 2 with the currently investigated structure (P x = 400 nm). However, due to diffraction effects, the final patch size should be larger [35] . Please note that the incidence angle θ can be used as well for such an averaging process [36] . In the case of earth observation, however, the light is paraxial and perpendicularly incident.
Using the Jones matrix elements from Eq. (5) 
It can be seen that all off-diagonal Mueller matrix elements are zero whereas the diagonal elements are reduced to values below one. For increasing frequencies within the pass band, the diagonal elements decrease. A reason for this behavior is the larger phase retardation and polarization conversion efficiency (Fig. 3(b), 3(c) ). Most importantly, pure partial depolarization for light with any polarization states is achieved at normal incidence in transmission. In contrast, pseudodepolarizers made of randomly arranged liquid crystal domains or linear polarizers cannot depolarize circularly polarized light. Some other metamaterials can only depolarize light at oblique incidence [37] . Nevertheless, only perpendicular incidence was investigated and the results can be further improved if the distribution of tiles with specific rotation angles is weighted differently.
Polarization scramblers using single and double meander structures

Single meander structures
In this section, the Mueller matrices of the meander structure are derived from full numerical calculations similar to the way presented in the previous section. Only this time, instead of using the model from Eq. (5), the transmission coefficients of p-and s-polarized light as well as the polarization conversion from p-to s-polarized light and vice versa are calculated rigorously for each incidence angle θ and azimuth angle φ. From these transmission coefficients, we can derive the Jones matrix and subsequently calculate the Mueller matrix of a meander structure via the Jones-Mueller transformation (Eq. (7)). We present the Mueller matrices of both single and double layer meander structures as a function of the incidence angle θ and azimuth angles φ at 600 THz and 650 THz, respectively. The incidence angle θ is varied from 0° to 46° and the azimuth angle φ from 0° to 180° in steps of 2°, respectively. The calculation is performed for the same meander structure used in Fig. 3 . This geometry has been optimized for obtaining a well-defined pass band with a high transmission between 580 THz and 650 THz (Fig. 4(a) ). Note that the transmittance spectra shown in Fig. 4(a) and Fig. 5(a) are for perpendicular incidence and p-polarized light only. Since s-polarized light is almost completely blocked by the meander structure, the transmittance of the proposed polarization scrambler is approximately half of the one shown in Fig. 4(a) . The corresponding Mueller matrix for 600 THz is shown in Fig. 4(b) . Each of the Mueller matrix elements m ij is normalized to m 00 and plotted as a function of sin(θ)cos(φ) in x-direction and sin(θ)sin(φ) in y-direction, respectively. One observes that the off-diagonal matrix elements have alternating positive and negative values varying with φ, which is related to the C2 symmetry of the meander structure. As a result, the off-diagonal elements should approach zero when the azimuth angle φ is averaged from 0° to 180°. Using the numerical values from Fig. 4(b) , we can create a more comprehensible plot that shows the averaged Mueller matrix values as a function of the incidence angle θ (Fig. 4(c) ).
It turns out that all off-diagonal elements are zero for small incidence angles θ < 5°. The remaining diagonal Mueller matrix elements are reduced to m 11 The diagonal elements of the Mueller matrix can be further reduced by shifting the operation regime to higher frequencies in the pass band due to the larger phase retardation and polarization conversion effect. For instance, at 650 THz the transmittance is still 80% as shown in Fig. 4(a) but the diagonal elements were reduced to m 11 = 0.6, m 22 = 0.6 and m 33 = 0.2 for θ < 5° (Fig. 4(d) ,4(e)). Correspondingly, LP, LP45 and CP light can be depolarized by 40%, 40% and 80%. Moving to even higher frequencies, the values of the Mueller matrix elements could be further reduced, however, the transmission would be lower. The further reduction of the diagonal elements at higher frequencies can be attributed to the stronger polarization conversion between s-and p-polarized light as shown before in Fig. 3(c) .
Double meander structures
In order to increase the polarization conversion effect and to achieve larger phase retardation between p-and s-polarized light in the pass band, which would yield further reduced diagonal elements, stacked meander structures are investigated in this section. As known from the properties of resonantly coupled double meander layers [26] , strong interactions occur between surface plasmons and Fabry-Pérot (FP) cavity modes and between the different surface plasmon modes at smaller cavity length. The system can be understood as an FPcavity with frequency selective mirrors (meander structures) with a cavity length of D spa [38] . Within cavity lengths where the two layers are weakly coupled (e.g. at D spa = 600 nm), the phase shift with φ is doubled compared to single meander structures. Figure 5(a) shows the spectra of a double layer structure using the same meander structure as in the previous section with a cavity length of D spa = 600 nm. The Mueller matrix of this structure resembles that of the single layer meander structure shown in Fig. 4 , except that the C2-symmetry becomes more pronounced. A stronger and broader variation of the diagonal elements with φ can be observed (Fig. 5(b) ). These effects can further reduce the diagonal elements down to m 11 = 0.5, m 22 = 0.5, and m 33 = 0.05 for θ < 5° at 600 THz (Fig. 5(c) ), compared to those of the single layer structure. This yields depolarization rates of 50%, 50% and 95% for LP, LP45 and CP light, respectively. At the higher-frequency edge of the pass band at 650 THz, the diagonal elements are further reduced to m 11 = 0.4, m 22 = 0.4, and m 33 = −0.3 for θ < 5°. The corresponding depolarization rates for LP, LP45 and CP light are 60%, 60% and 70%, respectively (Fig. 5(d) ,5(e)). These preliminary results of the polarization scramblers employing double meander structures show that at least 60% of any polarized light can be depolarized at 650 THz. Some polarization states can be depolarized more efficiently. The meander structure investigated in Fig. 5(c) , for instance, scrambles circularly polarized light most efficiently with a depolarization rate of 95% at 600 THz. Considering the multiple degrees of freedom we have, larger depolarization effects could be achieved with further optimized meander geometries. At least, the diagonal elements can be further reduced by stacking even more meander structures onto each other. However, this comes with a sacrifice in transmission, since the final transmittance would be T n , in which n is the layer number and T is the transmittance of a single meander sheet.
Conclusion
We have shown numerically that polarization scramblers can be realized using metallic meander structures. These meander structures exhibit prominent optical properties such as almost ideal linear polarization, large phase retardation and high polarization conversion efficiency due to the excitation and interaction of two surface plasmon polaritons. Furthermore, we have shown that these polarization properties dependent on the azimuth angle can be described analytically by a matrix formulation for an anisotropic material that is rotated at normal incidence. The averaged off-diagonal Mueller matrix elements of a polarization scrambler consisting of spatially distributed meander structures rotated by a random angle can be brought to zero for low incidence angles. At the higher frequency edge of a double meander pass band we obtained depolarization rates larger than 60% for both linearly and circularly polarized light.
It is notable that we can design the presented scrambler according to particular requirements just by geometry variation. Left or right circularly polarized monochromatic light for instance could even be depolarized by 95% in our numerical simulation. With further optimization, the presented polarization scrambler might be a good alternative to existing approaches and would be especially desirable for space applications due to its low weight and large-scale manufacturability. Compared to pseudodepolarizers currently used in space applications for earth observation the narrow bandwidth of our polarization scrambler is disadvantageous. On the other hand, since polarization scramblers using meander structures can be designed to perform at any optical wavelength in the visible and near infrared spectrum, they might prove advantageous for optical setups with monochromatic light sources.
Ultrafast polarization conversion in the infrared was recently shown experimentally for structures similar to the ones investigated in this report [19] . The presented depolarizer structure can be manufactured on a large scale using nano-imprint lithography.
